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Single crystal epitaxial thin films of UN and U2N3 have been grown for the first time by reactive DC mag-
netron sputtering. These films provide ideal samples for fundamental research into the potential accident tolerant
fuel, UN, and U2N3, its intermediate oxidation product. Films were characterised using x-ray diffraction (XRD)
and x-ray photoelectron spectroscopy (XPS), with XRD analysis showing both thin films to be [001] oriented
and composed of a single domain. The specular lattice parameters of the UN and U2N3 films were found
to be 4.895 A˚ and 10.72 A˚, respectively, with the UN film having a miscut of 2.6 ◦. XPS showed significant
differences in the N-1s peak between the two films, with area analysis showing both films to be stoichiometric.
INTRODUCTION
Uranium mononitride, UN, is of significant interest to the
nuclear industry due to its high melting point, high uranium
density, and improved thermal conductivity in comparison to
uranium dioxide, UO2 [1]. In addition to the enhanced ther-
mal conductivity, providing an improved accident response,
the 40 % higher uranium density of UN allows for lower en-
richment or higher fuel burn-up [2]. Despite these known ad-
vantages, there are still many material properties of UN yet
to be fully investigated, in particular, there are concerns over
the rapid oxidation of UN in water [3–5]. This oxidation re-
action has been shown to progress with the formation of a
U2N3 interlayer between UN and UO2, making it also of in-
terest [6, 7]. A better understanding of this oxidation process,
as well as fundamental fuel properties, such as thermal con-
ductivity and irradiation performance, is required for UN to
be considered as a viable accident tolerant fuel (ATF). Con-
sequently, this area of research has had a renewal of interest,
with several recent experiments utilising thin film samples [8–
10].
Thin films provide an ideal way to research these proper-
ties, with their enhanced surface sensitivity being optimal for
investigating surface reactions such as oxidation and hydroly-
sis, and ability to produce highly controlled samples, allowing
for single variable investigations. These experiments improve
fundamental understanding of materials and provide experi-
mental data comparable to theoretical calculations which are
of particular importance in an area of research that is restricted
as a result of radioactivity. In addition, thin films contain such
little radioactive material that they do not require dedicated
facilities and are more likely to be classed as exempt from
radioactive material transport regulations.
Polycrystalline UN and U2N3 films have previously been
grown by reactive DC magnetron sputtering and epitaxial thin
films of UN2 have been grown by polymer assisted deposi-
tion [8, 11, 12]. However, prior to this study there have been
no reports on the successful deposition of epitaxial UN and
U2N3 films. It is noted that while the fabrication of bulk sin-
gle crystal UN is documented, there have been no prior reports
of single crystal U2N3 [13]. The ability to grow epitaxial UN
and U2N3 thin films will therefore contribute to the advance-
ment of ATF research, providing idealised samples on which
to conduct fundamental material behaviour studies.
EXPERIMENTAL DETAILS
The films were grown in a DC magnetron sputtering sys-
tem at the University of Bristol with 10−8 mbar base pressure,
in-situ reflection high-energy electron-diffraction (RHEED),
and substrate heating to 1200 ◦C, with the temperature at the
substrate position calibrated using a pyrometer. The system
uses 5.5N argon at 7x10−3 mbar as the main sputtering gas,
and houses a target of depleted uranium, producing deposi-
tion rates in the range of 0.5-1.5 A˚/s.
A partial pressure of 5.5N N2 is used to reactively de-
posit nitride films, with the pressure determining the phase
deposited, as shown by Black et al. [11]. Polycrystalline sam-
ples were grown at room temperature to optimise the N2 par-
tial pressure required to deposit single phase films of UN and
U2N3, 2.0x10−5 mbar and 9.0x10−4 mbar, respectively, simi-
lar to that of Black et al.
In order to grow single crystal films, compatible substrates
with epitaxial matches were chosen and heated during depo-
sition. Substrates that did not contain oxygen were sought to
prevent oxidation of the deposited nitride. The substrates used
were 10 mm x 10 mm, supplied by MTI corporation, single
sided polished to 1-3 A˚ root mean square (RMS) roughness
and mechanically mounted onto sample holders.
Cubic [0 0 1] CaF2 was used as the substrate to epitaxially
deposit U2N3 in the [0 0 1] direction at 700 ◦C. It was se-
lected as its bulk lattice parameter of 5.463 A˚ has only a 2.3 %
mismatch with bulk α-U2N3, with bulk lattice parameter of
10.678 A˚ [14, 15].
Bulk UN is cubic with a lattice parameter of 4.890 A˚ and
was matched to Nb in the (0 0 1) plane with a 1:
√
2 relation
and 45 ◦ rotation, Nb also being cubic with a lattice parame-
ter of 3.300 A˚ [16, 17]. UN [0 0 1] was grown on a Nb [0 0 1]
buffer layer on a Al2O3 [1 1 0 2] substrate, with the Nb layer
acting as both a chemical buffer, protecting the UN layer from
oxidation, and physical buffer, improving the epitaxial match.
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2The Nb buffer and UN film were deposited at 800 ◦C and
500 ◦C, respectively.
All samples were capped with a 5 nm layer of polycrys-
talline Nb or Au, deposited at room temperature, to prevent
oxidation of the uranium nitride layers.
X-ray diffraction (XRD) and x-ray reflectivity (XRR) mea-
surements were performed using a Philips X’Pert diffractome-
ter with a Cu-Kα source. Specular and off-specular 2θ-ω, ω
(rocking curves), and φ (azimuthal rotation) XRD scans were
performed to investigate the crystallinity and epitaxy of the
deposited films. XRR was used to measure the thickness and
roughness of film layers and determine deposition rates.
XRD scans were fitted analytically using GenX software,
which uses a differential evolution algorithm to optimise the
fit [18]. The GenX reflectivity package, which models scat-
tering length density as a function of depth, was used to fit
XRR measurements and obtain layer thickness and roughness
values.
X-ray photoelectron spectroscopy (XPS) measurements
were performed at the Bristol NanoESCA facility, which em-
ploys a monochromatic Al x-ray source (1486.7 eV) and a
ScientaOmicron XPS Argus analyser, and has an overall en-
ergy resolution of less than 300 meV using a pass energy (PE)
of 6 eV. The instrument houses a 0.5-1 keV Ar sputter gun,
which was used to remove the capping layer on samples be-
fore taking measurements. Survey scans were taken with a PE
of 50 eV, before scans of the N-1s and U-4f states were taken
with a PE of 6 eV. Peaks were calibrated using the Fermi edge
and further analysed using the CasaXPS software [19].
RESULTS
Structural Characterisation
The XRR measurements and fits of the [0 0 1] U2N3 and
UN samples are shown in Figure 1. XRR data was fitted by
modeling electron density as a function of depth though the
sample, as shown in the inset in Figure 1. From the fits, it
was found that the [0 0 1] U2N3 sample comprised of a 310 A˚
U2N3 layer and 50 A˚ Au cap, whereas the [0 0 1] UN sample
was found to have a 600 A˚ UN layer, and 120 A˚ and 40 A˚
Nb buffer and cap respectively. These values and the RMS
roughnesses of each layer can be found in Table I.
Figure 2 shows the specular 2θ-ω XRD scans of the [0 0 1]
U2N3 and UN samples, aligned to the specular film peaks. It
can be seen that in U2N3 film, grown on CaF2, only the (0 0 4)
and (0 0 8) reflections of U2N3 and (0 0 4) reflection of CaF2
are visible, showing the film is highly oriented in this direc-
tion. The same is true of the UN film grown on a Nb buffer on
Al2O3, with only the (0 0 2) and (0 0 4) reflections of UN and
(0 0 2) reflection of Nb visible. From these reflections, it was
calculated that the U2N3 c lattice parameter (in the specular
direction) is 10.72±0.01 A˚ and the UN c lattice parameter is
4.895±0.001 A˚.
FIG. 1. XRR scans and fits of the U2N3 and UN samples, shown in
green and blue, respectively, with the scattering length density plot
obtained from the fit inset.
FIG. 2. Specular 2θ-ω XRD scans of of the U2N3 and UN samples,
shown in green and blue, respectively.
The rocking curves or ω scans of specular reflections in
both the U2N3 and UN samples are shown in Figure 3, and the
FWHM (∆ω) of the fits shown in Table I. The rocking curve
of the (0 0 4) U2N3 reflection is very sharp, with a FWHM of
only 0.03 ◦, even narrower than the FWHM of the CaF2 (0 0 4)
substrate curve of 0.12 ◦. A low intensity broad component is
also present in the is curve, but not seen in that of the CaF2
substrate, showing that there are areas of the U2N3 layer not
completely commensurate with the substrate.
In the UN sample, both the Nb buffer and UN layer have
broad rocking curves of 1.22 ◦ and 1.73 ◦ respectively, while
the substrate curve is much narrower. These large values show
that the film layers are not in complete registry with the layer
below.
While the specular XRD scans shows only the orientation
of this film perpendicular to the surface plane, the in-plane
orientation of the [0 0 1] U2N3 and [0 0 1] UN samples can be
3TABLE I. Sample characterisation results.
Sample Material Layer Thickness (A˚) Roughness (A˚) Orientation ∆ω (◦)
U2N3 CaF2 substrate - 2.7 [0 0 1] 0.12
U2N3 film 310 6.8 [0 0 1] 0.03
Au cap 50 5.4 polycrystalline -
UN Al2O3 substrate - 1.6 [1 1 0 2] 0.04
Nb buffer 120 4.3 [0 0 1] 1.22
UN film 600 14.2 [0 0 1] 1.73
Nb cap 40 15.0 polycrystalline -
FIG. 3. Rocking curves of the specular Al2O3 (0 2 4), Nb (0 0 2),
and UN (0 0 2) Bragg peaks in the UN sample, shown in black, red,
and blue, respectively, on the left. Rocking curves of the specular
CaF2 (0 0 4), and U2N3 (0 0 4) Bragg peaks in the U2N3 sample,
shown in black and green, respectively, on the right.
seen in the φ scans shown in Figures 4 and 6 respectively.
The clear φ dependence of the off-specular U2N3 (2 2 6)
reflection shown in Figure 4 indicates that there is a single
domain present in the film. Though not displayed, the off-
specular CaF2 reflections showed that the U2N3 film is ori-
ented in the same direction as the substrate. This is depicted
in the model of the (0 0 1) planes of each of these in Figure 5,
which clearly demonstrates the 2:1 match between the two.
Figure 6 shows that the (0 1 3) Nb and (0 2 4) UN Bragg
peaks are dependent on the rotation of the sample, indicating
that all crystallites in the [0 0 1] UN sample are of the same
orientation. Additionally this figure shows the orientational
relationship between the Al2O3 substrate, [0 0 1] Nb buffer,
and [0 0 1] UN film. The 45 ◦ difference between the (0 1 3)
Nb and (0 2 4) UN peaks indicates the
√
2 relationship be-
tween the buffer and film, as illustrated in the model in Figure
7.
This model shows the close match between the lattices of
UN and Nb with a
√
2 relationship. There also appears to be
a close match between the Al2O3 lattice and Nb, however, the
Al2O3 lattice in the [1 1 0 2] direction is not square, but rho-
mohedral, as can be seen by the 94.3 ◦ angle between 3 Al
FIG. 4. Phi scan of the off-specular U2N3 (2 2 6) Bragg peaks.
FIG. 5. Model of (0 0 1) U2N3 on (0 0 1) CaF2, with the uranium
and nitrogen atoms shown as dark and light green and the calcium
and fluorine atoms shown as dark and light gray. Made using VESTA
software [20].
atoms shown in Figure 7. As a rhombus can be considered
a tilted square, it is likely this misfit is accommodated for by
a tilt of the Nb crystal relative to the Al2O3 substrate such
that the [0 0 1] Nb and [1 1 0 2] Al2O3 directions are not paral-
lel. This suggests there is a miscut between the Nb buffer and
4FIG. 6. Phi scans of the off-specular Al2O3 (0 2 10), Nb (0 1 3), and
UN (0 2 4) Bragg peaks, shown in black, red, and blue respectively.
Due to the large miscut, each peak was scanned individually and
normalised.
FIG. 7. Model of (0 0 1) Nb on (1 1 0 2) Al2O3 and (0 0 1) UN on
(0 0 1) Nb, with Al2O3 shown in gray, Nb in red and UN in blue.
Al2O3 film, and as the UN film is matched to the Nb buffer, a
miscut between the UN film and Al2O3 substrate.
In order to measure this miscut, the omega offset (angle
relative to the specular direction) of various Bragg peaks was
measured as a function of φ, sample rotation; the results can
be seen in Figure 8. This figure shows labeled off-specular
peaks of Al2O3, Nb, and UN as closed gray, red, and blue
points respectively. Open points show the specular (1 1 0 2)
Al2O3 and (0 0 2) Nb Bragg peaks, fitted to sine functions.
The amplitude of this sine function is only 0.2 ◦ for the Al2O3
substrate, showing only a very small miscut between the
[1 1 0 2] direction and the surface normal of the sample. How-
FIG. 8. Omega offset of Bragg peaks as a function of φ for the UN
[0 0 1] sample, with Al2O3 shown in grey, Nb in red and UN in blue.
The open and closed points show specular and labeled off-specular
peaks respectively, and lines show sine function fits.
ever, the amplitude of the sine fit to the Nb specular peaks is
2.6 ◦, with the Nb and UN off-specular peaks also lying close
to this fit, showing that there is a large miscut in the [0 0 1] Nb
and [0 0 1] UN layers.
Chemical Characterisation
Survey XPS scans taken after Ar sputtering of the [0 0 1]
U2N3 and [0 0 1] UN samples, displayed in Figure 9, contain
only peaks from U, N, and O contamination. The lack of any
peaks from the Nb and Au protective caps as well as Nb buffer
and Ca and F substrate show that the spectra is being collected
from the U2N3 and UN films only. There are no visible C-1s
peaks, showing the lack of carbon contamination in the films.
However, the O-1s peak at 531 eV is visible in both the U2N3
and UN films, showing oxygen contamination is present in
both samples.
Spectra of the U-4f and N-1s states are inset in Figure 9,
and show a clear asymmetry in the U-4f states. This is more
pronounced in the UN sample compared to the U2N3, and
both the U-4f and N-1s peaks appear narrower in UN.
Fitting of the U-4f7/2 peaks, plotted in Figure 10, was per-
formed using a Shirley background and Gaussian-Lorentzian
product peaks, where % GL is the percentage of Lorentzian
weighting. The lowest binding energy fitted peaks also con-
tained an asymmetric exponential tail modifier, T, with this
value and all others peak fit parameters displayed in Table II.
The fits showed the U-4f7/2 state to be composed of two
symmetric peaks at 379.2 eV (p2) and 380.2-380.3 eV (p3)
and an asymmetric peak (p1) at lower binding energy for
5FIG. 9. XPS survey scans of the [0 0 1]U2N3 and [0 0 1]UN samples,
with U-4f and N-1s states inset.
both U2N3 and UN. For UN, this peak was fitted with a nar-
row FWHM of 0.8 eV, higher asymmetry (low T), and 0.5 eV
lower binding energy compared to U2N3. While the area and
FWHM of p3 is similar in both UN and U2N3, p2 has a much
more significant contribution to the U-4f7/2 state in U2N3
than in UN. The p3 peak, attributed to U(IV), along with the
presence of an O-1s peak in the survey scan, show the pres-
ence of uranium oxide in the sample [21].
As with the U-4f7/2 state, the N-1s states in U2N3 and
UN were fitted with Shirley backgrounds and symmetric
Gaussian-Lortenzian peaks, as shown in Figure 11. Fitting
of the N-1s state in U2N3 showed it to be composed of peaks
at 396.6 eV (p1) and 396.0 eV (p2), with the former having
a more significant contribution. In the spectra from the UN
sample, the N-1s state was fitted with only a single peak at
0.1 eV higher energy than the main peak in U2N3.
The areas of the fitted peaks are shown in Table II, with the
values normalised to the total area of the U-4f7/2 peak for each
sample. Calculations of area ratios between the N-1s and U-4f
(p1 and p2 only) were performed using cross sections given by
Yeh et al., and gave values of 1.02±0.02 and 1.52±0.04 for
UN and U2N3, respectively [22]. The area of p3 in the U-4f7/2
peaks was not included in the calculation as it is attributed to
oxide in the sample.
DISCUSSION
The above results clearly show that epitaxial [0 0 1] UN and
U2N3 single crystal thin films have been successfully grown
for the first time. XRD omega scans performed on the [0 0 1]
FIG. 10. Fitted U-4f7/2 spectra of the [0 0 1] U2N3 and [0 0 1] UN
samples, with total fit shown in green and blue, respectively, and
background shown by a dashed line.
FIG. 11. Fitted N-1s spectra of the [0 0 1] U2N3 and [0 0 1] UN sam-
ples, with total fit shown in green and blue, respectively, and back-
ground shown by a dashed line.
6TABLE II. X-ray photoemission line fit values.
Sample Peak Position (eV) FWHM (eV) %GL T Area
U2N3 U-4f7/2 p1 377.7 1.1 15 0.50 0.77
U-4f7/2 p2 379.2 1.8 30 0 0.12
U-4f7/2 p3 380.3 2.5 30 0 0.11
N-1s p1 396.6 0.9 80 0 0.07
N-1s p2 396.0 0.6 80 0 0.01
UN U-4f7/2 p1 377.2 0.8 90 0.38 0.90
U-4f7/2 p2 379.2 2.3 30 0 0.03
U-4f7/2 p3 380.2 2.5 30 0 0.07
N-1s p1 396.7 0.6 80 0 0.06
U2N3 sample demonstrate that the film is in excellent reg-
istry with the CaF2 substrate. The c lattice parameter of
10.72±0.01 A˚, calculated from 2θ-ω scans, is higher than the
bulk value of stoichiometric α−U2N3 of 10.68 A˚ [15]. This
difference could be caused by strain from the substrate and
deviations from stoichiometry.
If this increase in the c lattice parameter was caused by
strain, a decrease in the a and b lattice parameter could be
expected. Unfortunately, the resolution limits of the x-ray
diffractometer used and low number of accessible off-specular
peaks do not allow for precise measurements of the in-plane
lattice parameters and therefore strain in the film.
U2N3 is know to have a wide range of possible stoichiome-
tries, with x ranging from -0.2 to 0.5 in U2N3+x [23]. While
the literature on U2N3+x is sparse, it is known that the lat-
tice parameter of the cubic structure decreases with increasing
value of x [15]. As the U2N3 film was deposited at the lowest
pressure of N2 found to deposit only single phase U2N3+x,
and the c lattice parameter is greater than that of stoichiomet-
ric U2N3, it is likely that x is low. However, XPS area analysis
suggests the sample is stoichiometric, within errors.
XPS of the U-4f valence states in the [0 0 1] U2N3 sample
yielded results similar to those seen by Long et al., Wang et
al., and Black et al. [8, 9, 11]. The U-4f7/2 is peak found to
be at 377.7 eV, 0.5 eV higher than in UN, and is fitted with an
asymmetric peak at this energy, p1, and a symmetric peak at
379.2 eV, p2, which is consistent with the analysis of Wang et
al.. While the p1 peak is asymmetric, it is less so than that
of UN and U metal, which along with the higher binding en-
ergy, show the partial localisation of the 5f states, as described
by Black et al. The p2 peak could be attributed to U (III), as
seen in U (III) oxyhalides[24]. The presence of oxygen con-
tamination in the sample is shown by the small U (IV) peak at
380.2 eV, p3, and the O-1s peak seen in the survey.
While Wang et al. and Long et al. both claim that there
is no difference in the N-1s state between UN and U2N3, the
present data shows clear evidence of a shoulder at lower bind-
ing energy, as well as a 0.1 eV shift in energy of the main
component of the peak. It is difficult to determine whether
this is present in other literature, as most have lower resolu-
tion, and none fit the N-1s peak. There is, however, literature
on this second component in other metal nitride systems, such
as TiN, where it appears under oxidation and is attributed to
the formation of oxynitrides [25]. However, since the U (IV)
peak (p3) in the U2N3 and UN samples are very similar, but
this second N-1s component is not present in UN, it is likely
that it is not due to oxidation but is instead an indication of
the mixed states present in U2N3. The broader FWHM of the
main component in the U2N3 N-1s peak of 0.9 eV compared
to the 0.6 eV FWHM seen in UN are further evidence of the
mixed states in U2N3.
XRD of the [0 0 1] UN sample showed it to be of a single
domain, with a c lattice parameter of 4.895±0.001 A˚, close to
bulk values, but of much lower quality than the [0 0 1] U2N3
sample. This is evident in the broad rocking curves of both
the UN film and Nb buffer layers, as well as the large miscut,
which shows a lack of coherence between the Nb buffer and
Al2O3 substrate. As the UN film can only be as good quality
as the Nb buffer, and Nb growth on [1 1 0 2] Al2O3 growth is
shown to be optimised at 800 ◦C, it is unlikely that the qual-
ity of the UN film can be improved using this system [26].
The miscut lying in same plane as the Al2O3 c axis and spec-
ular direction is consistent with literature, which also shows
the [1 1 1] Nb direction to align with the Al2O3 c axis [27].
While these papers also find the large miscut between Al2O3
and Nb, none provide the explanation of it arising from the
accommodation of the rhombohedral Al lattice in the (1 1 0 2)
plane.
Spectra of the U-4f states collected from the UN sample
shows sharp asymmetric peaks at higher binding energy than
U metal but lower than U2N3, which is comparable to the
spectra of Norton et al., Long et al., Black et al., and Wang
et al. [8, 9, 11, 28]. This is indicative of the itinerant nature of
the system, as described by Fujimori et al.[29]. Slight differ-
ences in the spectra arise due to varying levels of oxide in each
sample, seen by the U (IV) peak at 380.2 eV. Comparing to the
only fitted spectra in the literature and the only spectra taken
from a single crystal UN sample, that of Samsel-Czekała et
al., this work shows a much smaller contribution from the
peaks at 379.2 eV and 380.2 eV, likely due to the higher purity
of the present sample [30].
7CONCLUSION
Single crystal UN [0 0 1] and U2N3 [0 0 1] thin films have
been successfully deposited via reactive DC magnetron sput-
tering. XRD analysis shows that both the UN and U2N3 sam-
ples are single domain, with specular lattice parameters com-
parable to bulk values. The U2N3 sample was shown to be
of high quality, with good registry to the CaF2 substrate, hav-
ing a particularly narrow rocking curve. The rocking curve
of the UN sample was found to be significantly broader than
its Al2O3 substrate, likely due to the large miscut between
the substrate and buffer, however, off-specular measurements
clearly demonstrate a single domain. Chemical characterisa-
tion, conducted via XPS, show the presence oxygen contam-
ination in the thin films. The U-4f peaks were found to be
highly asymmetric in the UN sample, indicative of its metallic
nature. This was observed to a lesser extent in the U2N3 film.
Additionally, the N-1s peak was found to differ between the
UN and U2N3 samples, with the latter showing two broader
components at lower binding energies.
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